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ABSTRACT
We present new ALMA observations of the [O iii]88 µm line and high angular resolution observations of the [C ii]158 µm line in
a normal star forming galaxy at z = 7.1. Previous [C ii] observations of this galaxy had detected [C ii] emission consistent with
the Lyα redshift but spatially slightly offset relative to the optical (UV-rest frame) emission. The new [C ii] observations reveal that
the [C ii] emission is partly clumpy and partly diffuse on scales larger than about 1 kpc. [O iii] emission is also detected at high
significance, offset relative to the optical counterpart in the same direction as the [C ii] clumps, but mostly not overlapping with the
bulk of the [C ii] emission. The offset between different emission components (optical/UV and different far-IR tracers) is similar to
that which is observed in much more powerful starbursts at high redshift. We show that the [O iii] emitting clump cannot be explained
in terms of diffuse gas excited by the UV radiation emitted by the optical galaxy, but it requires excitation by in-situ (slightly dust
obscured) star formation, at a rate of about 7 M yr−1. Within 20 kpc from the optical galaxy the ALMA data reveal two additional
[O iii] emitting systems, which must be star forming companions. We discuss that the complex properties revealed by ALMA in the
z ∼ 7.1 galaxy are consistent with expectations by recent models and cosmological simulations, in which differential dust extinction,
differential excitation and different metal enrichment levels, associated with different subsystems assembling a galaxy, are responsible
for the various appearance of the system when observed with distinct tracers.
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1. Introduction
Characterising the primeval galaxies of the Universe entails the
challenging goal of observing galaxies with modest star forma-
tion rates (<10 M yr−1; Salvaterra et al. 2011; Finkelstein et al.
2012; Dayal et al. 2014; Robertson et al. 2015) and approaching
the beginning of the reionisation epoch (z > 6).
To date, a large number of primeval galaxies have been iden-
tified thanks to the Lyman Break technique (e.g. McLure et al.
2013; Bradley et al. 2014; Finkelstein et al. 2015; Schmidt et al.
2014; Bouwens et al. 2015, 2016; Oesch et al. 2014, 2015;
Zitrin et al. 2014; Calvi et al. 2016; Infante et al. 2015;
Ishigaki et al. 2015; Kawamata et al. 2016; McLeod et al.
2015). To further our understanding on the formation and
evolution of such primeval objects, we must investigate their
nature and physical properties through multi-band spectroscopic
observations.
In the past few years, millimetre and submillimetre spec-
troscopy has proven to be a powerful tool for studying
the interstellar medium and kinematics of primeval galax-
ies through the far-infrared (FIR) atomic fine structure lines,
such as [C ii], [Nii], [O iii], redshifted to millimetre wave-
lengths at z > 4. In particular, the [C ii] at 158 µm lines is
generally the strongest FIR emission line, tracing photodissocia-
tion regions (PDRs; Madden et al. 1997; Kaufman et al. 1999;
Graciá-Carpio et al. 2011; Pineda et al. 2014), neutral diffuse
and partially ionised gas. This line has been detected in several
quasars (QSOs), starburst, and submillimetre galaxies (SMGs) at
z > 4 (Maiolino et al. 2005, 2009, 2012; De Breuck et al. 2014;
Wagg et al. 2012; Gallerani et al. 2012; Venemans et al. 2012;
Carilli et al. 2013; Carniani et al. 2013; Williams et al. 2014;
Riechers et al. 2014; Walter et al. 2009; Cicone et al. 2015). The
high sensitivity of ALMA has recently enabled the detection of
this FIR line also in faint and primeval star-forming galaxies with
SFR closer to the “normal” population (SFR < 100 M yr−1).
The properties of such galaxies in terms of [C ii] emission
are heterogeneous. A number of normal Lyman Break galax-
ies at 5 < z < 6 have been detected in [C ii] and it has
been claimed that they follow the same [C ii]–SFR relation
of local galaxies (Willott et al. 2015; Capak et al. 2015). How-
ever, several [C ii] detections or upper limits imply the exis-
tence of galaxies at z & 6 well below the [C ii]-SFR rela-
tion (Ota et al. 2014; Schaerer et al. 2015; González-López et al.
2014; Maiolino et al. 2015; Pentericci et al. 2016; Knudsen et al.
2016). For other galaxies the [C ii] detection is above the local
[C ii]–SFR relation, including [C ii] systems without optical or
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near-IR counterpart (Maiolino et al. 2015; Aravena et al. 2016;
Capak et al. 2015; Knudsen et al. 2016). To make the scenario
even more complex, for a significant number of galaxies at
z ∼ 6–7 the [C ii] emission appears to be significantly offset both
in spatial position and in velocity. A key result in this context
has been our ALMA detection of [C ii] emission associated with
the normal star forming galaxy (SFR ≈ 6 M yr−1) BDF-3299
at z = 7.1 (Castellano et al. 2010; Vanzella et al. 2011). This
galaxy shows [C ii] emission fully consistent with the Lyα red-
shift, but spatially offset by 4 kpc relative to the optical emission
(Maiolino et al. 2015).
A promising alternative way to study the ISM properties in
high-z systems is given by the FIR line of oxygen [O iii] at
88 µm. With an excitation temperature of 164 K and a critical
density of about 510 cm−3, the [O iii] is a good tracer of ionised
gas in moderate density HII regions. FIR infrared observations in
the local Universe up to z ∼ 0.05 have revealed that the [O iii] to
FIR continuum luminosity ratio ranges between 0.03% and 2%
(Malhotra et al. 2001; Negishi et al. 2001; Brauher et al. 2008)
and in low-metallicity galaxies (Z < 1/3 Z) the oxygen line can
be up '3 times brighter than that of [C ii] (Cormier et al. 2012).
Recent models have highlighted that [O iii] is a key diagnostic
of low metallicity ISM, especially in primeval galaxies char-
acterised by very young stellar populations (Inoue et al. 2014;
Vallini et al. 2017). In the distant Universe, the [O iii] line has
been detected in two gravitationally lensed AGN/starburst com-
posite systems at redshift z = 2.8 and z = 3.9 (Ferkinhoff et al.
2010). The only one [O iii] detection at z > 4 has been reported
by Inoue et al. (2016) who have detected the [O iii] with ALMA
in a star-forming galaxy at z ∼ 7.2 and from which they estimate
an oxygen abundance of about one-tenth Solar.
We have obtained new ALMA [C ii] and [O iii] observations
of the star-forming galaxy BDF-3299 at z = 7.1. This galaxy is
located in a region characterised by a significant overdensity of
LBGs at z ∼ 7 (Castellano et al. 2016). Assuming no dust ex-
tinction, this galaxy has a SFR = 5.7 M yr−1 (Maiolino et al.
2015) and previous ALMA observations have revealed a dis-
placed [C ii] emission relative to optical emission. The offset
is not ascribed to astrometric uncertainties, as astrometry is
checked through serendipitous sources. The new ALMA [C ii]
observations have a higher angular resolution and, along with the
[O iii] data, enable us to investigate more in detail the properties
of the interstellar and circumgalactic medium of this primeval
system.
The paper is organised as follow. Section 2 describes the
ALMA observations. In Sect. 3 we analyse the continuum emis-
sion at 410 GHz and 230 GHz. We investigate the properties
of [O iii] and [C ii] emission in Sects. 5 and 4, respectively. In
Sect. 6, we interpretate our results and we summarise the study
and give our conclusions in Sect. 7.
Throughout this work we adopt the following cosmological
parameter H0 = 67.3 km s−1 Mpc−1, ΩM = 0.315, ΩΛ = 0.685
(Planck Collaboration XVI 2014).
2. Observations
ALMA observations were obtained in Cycle 2 within the project
2013.1.00433.S. During this ALMA project BDF-3299 was ob-
served both in Band 6 (230 GHz) and in Band 8 (410 GHz).
In Band 6 we re-observed the [C ii] emission in BDF-3299
aiming at achieving the same sensitivity of previous observa-
tions obtained in Cycle 1 (Maiolino et al. 2015; Carniani et al.
2015), but with higher (×8) spatial resolution. ALMA Band-6
observations were carried out on 2015 June 30 and July 1 with
a extended configuration (longest baseline = 1570 m) and a
precipitable water vapour of PWV = 0.8 mm. The on-source
integration time was about 3 h. The observations were per-
formed in frequency division mode (FDM) with a total band-
width of 7.5 GHz, divided in to four spectral windows (SPWs)
of 1.875 GHz. One of the SPWs was centred on the [C ii] red-
shifted frequency, which was observed with a spectral resolution
of 1.95 MHZ (∼2.5 km s−1).
In addition to the Band 6 observations, the ALMA project
aimed at mapping the [O iii] at 88 µm, which is redshifted to
418.5 GHz at z = 7.107. Band 8 observations were obtained
on 2015 May 1 and 15. The array configuration was composed
by 55 12-m antennas with baseline length in a range between
15 m and 560 m. The total on-source observing time was about
73 min and the PWV was 0.5–0.6 mm. The observations were
carried out in FDM and the spectral band was set up to a spectral
resolution of 1.95 MHz (∼1.4 km s−1). One of the four SPWs
was centred on the expected redshifted frequency of the [O iii].
The bandpass calibrator was J2258-2758 for both ALMA
bands. Neptune and Ceres were observed as flux calibrators, and
J1924-2914 and J2223-3137 observation were used for phase
and gain calibration in the Band 8 and 6, respectively. Unfor-
tunately, the phase calibrator J2223-3137 observed in Band-6
suffered from instrumental errors (differential timing among the
different antennae, resulting in phase shifts across the field of
view), therefore it has been not suitable to calibrate and correct
the variation of phase and amplitude with time. We therefore
used the bandpass calibrator J2258-2758, which was observed
regularly during the ALMA programme, as phase calibrator in
Band 6. Since the bandpass calibrator is usually observed for
time scales shorter than those of phase calibrator, the final phase
errors are larger than the expected ones and the sensitivity of fi-
nal images is worse than that requested. Indeed, the main effects
of phase errors on interferometry are the loss of sensitivity due to
decorrelation and the degradation of image quality due to scat-
tering of flux throughout the image. In conclusion, the Cycle 2
Band-6 high resolution data have a sensitivity lower than that ob-
tained in Cycle 1, although the on-source time and the weather
conditions are similar.
Band 8 and 6 data were calibrated by using the casa
software version v4.5.3. We produced final continuum images
and cubes with the routine clean, selecting a natural weight-
ing to optimise the sensitivity. Because a bright serendipitous
source (flux density S Band−6 = 400 µJy; Maiolino et al. 2015;
Carniani et al. 2015) is present in the BDF-3299 field of view,
the cleaning of the continuum maps was performed with 500 it-
erations. No cleaning was performed in any cube, since there are
no bright line emission in the field of view and the continuum
flux of the serendipitous sources is not high enough to enable
channel-by-channel cleaning. The achieved sensitivities and an-
gular resolution are listed in the Table 1. The sensitivity is about
a factor 1.5 worse than achieved in Cycle 1 at lower angular
resolution.
Finally, we combined Band-6 data obtained in Cycle 1 to
the new one observed in Cycle 2. Before combining the visibil-
ities of two observations, we manually re-scaled their relative
weights so that they matched the noise variance measured in the
two datasets. The combined data set results into a continuum
sensitivity of 7 µJy and a combined angular resolution of about
0.6′′.
In this work we also make use of the Hubble Space Tele-
scope (HST) F105W (Y-band hereafter) imaging of the BDF
field obtained under cycle 22 programme 13688 and described
in Castellano et al. (2016). The relevant S/N = 10 mag limit
is YAB = 28 in apertures of 0.38′′, which is two times larger
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Table 1. Summary of the ALMA observations.
Observations Frequency σcont σ100 km s−1 Beam Angular Primary
[GHz] [µJy/beam] [µJy/beam] resolution beam
Band 8 Cycle 2 410 40 260 0.5′′ × 0.4′′ 16′′
Band 6 Cycle 1 230 8 62 0.8′′ × 0.6′′ low 22′′
Band 6 Cycle 2 230 11 90 0.3′′ × 0.2′′ high 22′′
Band 6 Cycle 1+2 230 7 58 0.6′′ × 0.5′′ medium 22′′
than the HST angular resolution in Y-band (0.19′′). Following
Maiolino et al. (2015) we matched the ALMA observations to
the HST images and we applied a position shift to the Y-band by
∼0.4′′ toward the South-East, based on the consistent continuum
offset measured on the two serendipitous sources.
3. Continuum emission
Figure 1 shows the ALMA continuum maps at 410 GHz
(Band 8) and at 230 GHz (Band 6) around the target BDF-3299.
Band-6 image is obtained combining Cycle 1 to Cycle 2 data
(sensitivity and angular resolution are listed in Table 1). The FIR
emission is not detected in either continuum maps at the location
of BDF-3299.
At this rest-frame wavelengths the emission is due to dust
thermal emission heated by the radiation field of young stars.
The non detections indicate that BDF-3299 is characterised by
low dust content (Mdust < 5 × 107), as already discussed by
Maiolino et al. (2015). A similar result has been claimed in
recent studies of high-z (>6) star-forming galaxies, in which
the FIR emission relative to the UV is similar to that ob-
served in nearby dwarf or irregular galaxies (Walter et al. 2012;
Kanekar et al. 2013; Ouchi et al. 2013; González-López et al.
2014; Ota et al. 2014; Schaerer et al. 2015; Willott et al. 2015;
Bouwens et al. 2016).
Assuming a dust temperature range between 25 K and
45 K (Schaerer et al. 2015), we derive a 2σ upper limit esti-
mates for the infrared luminosity LFIR < 1011 L. If we adopt
the “standard” FIR–SFR conversion factor for local galaxies
(Kennicutt & Evans 2012) this upper limit on the FIR luminosity
translates into an 2σ upper limit on the IR-derived star formation
rate of SFR < 12 M yr−1, which is consistent with the SFR in-
ferred for the rest-frame UV continuum (5.7 M yr−1). However,
since the galaxy is dust-poor, the upper limit on the FIR lumi-
nosity likely translates into a higher limit on the SFR.
4. [C II] emission
In this section we compare the maps of the carbon line obtained
with different ALMA configurations: semi-compact array (low
angular resolution; Maiolino et al. 2015), extended array (high
angular resolution) and combined data. We recall that the previ-
ous [C ii] observation of this source had an angular resolution of
about 0.7′′, while the sensitivity was higher than the new high
resolution data, as reported in Table 1.
We compare the spectra at the position of the [C ii] detec-
tions obtained from different ALMA array configurations. The
top panel of Fig. 2a shows the spectrum of the [C ii] emis-
sion extracted from the dataset with high angular resolution
(∼0.3′′ × 0.2′′). The [C ii] is only marginally detected (S/N ∼ 2).
This is only partly due to the lower sensitivity of the new obser-
vations. The comparison with the spectrum obtained with lower
resolution observation obtained in Cycle 1 (bottom panel of
410 GHz



























Fig. 1. ALMA continuum map in band 8 (410 GHz; top) and in Band 6
(230 GHz, bottom). Black solid contours are at levels of 1 and 2σ, where
i.eσ = 40 µJy/beam andσ = 7 µJy/beam in the two bands, respectively.
Dashed contours trace negative levels at –1 and –2σ. The synthesised
beams are shown in the bottom left corners. The position of BDF-3299
measured in the HST Y-band is marked with a cross. The square mark
shows the location of the [C ii] detection.
Fig. 2a) confirms that the high resolution data also miss a signif-
icant fraction of the line flux, which is an indication that the total
emission is not powered by a compact source with size smaller
than 0.3′′ (∼1.6 kpc). The diffuse [C ii] emission is resolved out
in the ALMA extended configuration (see Appendix A). By mea-
suring the line flux (Table 2) we derive that most of the total
emission comes from a more extend region. We conclude that
about 70% (±20%) of the flux in the [C ii] system is extended
and diffuse on scales larger than about 1 kpc, which is consistent
with the idea that the bulk of the [C ii] emission is associated
with relatively diffuse gas on scale larger than the star formign
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Table 2. Properties of the [C ii] emission in BDF-3299 for the different
datasets obtained with ALMA.
Low AR High AR Combined
dataset dataset dataset
∆V [km s−1] −71 ± 10 – −64 ± 10
FWHM [km s−1] 102 ± 21 – 75 ± 20
Peak emission [mJy/beam km s−1] 29.1 ± 6.4 3.0 ± 1.3 26.8± 5.6
Flux? [mJy km s−1] 49 ± 7 15 ± 8 39 ± 6
Luminosity [107 L] 5.9 ± 0.8 1.9 ± 1.0 4.9 ± 0.6
Notes. (?) Following Maiolino et al. (2015) we have applied a flux aper-
ture correction since the extraction aperture has a size close to the beam.
regions, as expected by recent model of primeval galaxies (e.g.
Vallini et al. 2013, 2015; Pallottini et al. 2017; Katz et al. 2016).
By combining the visibilities of the two observations ob-
tained in Cycle 1 and 2 we generate a single cube whose result-
ing angular resolution is ∼0.6′′ and a sensitivity of 58 µJy/beam
in spectral bins of 100 km s−1 (Table 1), which is slightly higher
than the sensitivity reached in the two separate datasets. The
[C ii] spectrum obtained from the combined data is shown in
the second panel of Fig. 2a. By integrating the line under the
shaded gold region, we obtain a significance of the detection
of 6.51. The flux is extracted in the same aperture as the spec-
trum in Maiolino et al. (2015) and we applied the aperture cor-
rection estimated by using the bright serendipitous source as in
Maiolino et al. (2015). We note that the integrated flux obtained
from the combined observations (Table 2) is consistent with the
estimates obtained by the low angular resolution data alone pre-
viously reported by Maiolino et al. (2015). The [CII] line in the
combined dataset is slightly narrower (FWHM = 75±20 km s−1)
than previously reported in the lower resolution data (FWHM =
102 ± 21 km s−1), but still consistent within uncertainties. The
map resulting from the combined set is shown in Fig. 2b, which,
as expected, is clearly characterised by a more clumpy structure
than the low-resolution map (shown in blue). It should be noted
that the signal to noise of the peak emission (4.8σ, Table 2) is
not as high as the integrated flux significance, simply because
the emission is resolved and extended, hence the significance of
the line detection is higher than what inferred by the flux/beam
of the emission peak in the map. Additionally, the significance of
the peak emission is slightly higher than what previously found
in the lower resolution data alone (Table 2), which can be ex-
plained in terms of beam dilution of the latter and higher sensi-
tivity to clumpy emission of the former.
Comparing the map and the spectra obtained with different
ALMA array configuration, we conclude that the new observa-
tions confirm that the spatially-offset [C ii] emission is spatially
extended and reveal that such extension is due both to multiple
smaller (.1–2 kpc) clumps, distributed on such large scales, and
to diffuse extended emission.
We finally note that at the location of the optical (Y-band)
counterpart the new combined map confirms the marginal detec-
tion (∼2σ) of some [C ii] emission.
5. [O III] emission
5.1. Line detection
We have searched for [O iii] emission in the band 8 cube,
within a few 100 km s−1 of the Lyα emission. We detect three












































Fig. 2. Panel a) ALMA spectrum at three different angular resolution
(high, medium and low) extracted at the peak position of the [C ii] emis-
sion with a spectral resolution of 40 km s−1. The rms noise levels in each
spectrum is shown by the green dotted line. The grey shaded region in-
dicates the part of the spectrum affected by higher noise because of at-
mospheric absorption. Panel b) Map of the [C ii] emission obtained by
combing the two datasets (medium angular resolution) in which black
contours are in steps of 1σ = 5.6 mJy/beam km s−1, starting at 2σ. Blue
contours trace the [C ii] surface brightness using the low angular resolu-
tion data only (Maiolino et al. 2015) and contours are at levels 2–4 times
noise per beam. The white contours trace the Y-band emission (UV-rest
frame and Lyα). The bottom-left corner shows the synthesised beam
of the high (red), medium (black) and low (blue) angular-resolution
datasets, respectively (see Table 1).
[O iii] emission line systems. On the flux map (in units of
flux/beam) their emission peaks have a signal-to-noise ratio
S/N >≈ 5. The integrated line emission is detected at a level of
confidence >6.5σ. The reliability of these detections, including
the comparison with the “negatives” detection rate, is discussed
in the Appendix.
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Table 3. Properties of the [O iii] clumps observed in the field of view of BDF-3299.
Clump S/Nintegrateda S/Npeakb FWHM v[O III] − vLyα F([O iii]) L([O iii]) Distance
[km s−1] [km s−1] [mJy km s−1] [108 L] [′′]
clump-I 7.2 5.0 40 ± 10 440 ± 5 85 ± 12 1.8 ± 0.2 0.7
clump-II 6.9 5.3 40 ± 10 32 ± 5 100 ± 14 2.2 ± 0.3 2.5
clump-III 6.7 5.6 80 ± 10 110 ± 10 260 ± 40 5.8 ± 0.6 6.5
Notes. (a) The integrated significance is the ratio between the integrated flux of the line and the relative error calculated in the extracted spectrum.
(b) Significance of the line emission “peak” in the collapsed image. The peak emission significance is slightly lower than the line integrated















































































Fig. 3. The top panels show the flux maps of the three [O iii] detections, clump-I, -II, and -III (from left to right). Black contours show emission
at levels of 2, 3, 4 and 5σ. The location of the BDF-3299 galaxy is marked as a black cross (in the third panel the mark is outside of the field of
view). The bottom panels show the spectra of the line emitters at a spectral resolution of 10 km s−1. The yellow shaded region shows the region
used to integrate the flux to obtain the maps in the upper panels. Velocities are relative to the Lyα peak of BDF-3299. The red dotted spectrum in
the left panel show the [CII] spectrum shown in Fig. 2 and scaled arbitrarily up in flux density for comparison.
The properties of the [O iii] detections are summarised in
Table 3 and the [O iii] flux maps of the three detections are
shown in the top panels of Fig. 3, obtained by integrating the
line profile under the velocity range highlighted by the shaded
region in the respective spectra (bottom panels of Fig. 3). The
black cross in the maps shows the location of the optical coun-
terpart of BDF-3299 from the HST Y-band image. We note that
the significance of the peak emission in the maps (third column
of Table 3) is slightly lower then the line integrated significance
(second column of Table 3) because the emission is spatially
slightly resolved.
The [O iii] clumps are located within ∼6.5′′ (∼34 kpc) from
the star-forming galaxy BDF-3299 and have velocities within
500 km s−1 relative to the Lyα peak (Table 3). One of the three
detections (clump-I in Table 3) is located very close to the op-
tical Y-band counterpart of BDF-3299, but it has a small offset
of 0.6′′ (i.e. 3.5 kpc) in the same direction as the [C ii] offset.
However, as shown in Fig. 4, it is not coincident with [C ii] ei-
ther. The [O iii] emission is only marginally overlapping with
the [C ii] emission, the two emission peaks being offset by 0.2′′
(∼1 kpc), which is slightly larger than the uncertainties of 0.15′′
based on the significance of the detections and beam size.
To verify that the positional offset between the [C ii] and
[O iii] emission is not caused by an astrometric issue, we com-
pare the centroid of the continuum emission in Band-6 and -8
of the brightest serendipitous source located at north-west. The
source is detected in Band 8 at a level of 33σ and its centroid
position is consistent with that in Band 6 (inset in Fig. 4). This
nice agreement confirms that the spatial offset between the two
clumps is real. In addition, the central velocity of the [O iii] is
redshifted by about 440 km s−1 with respect to the Lyα peak
and about 500 km s−1 relative to the [C ii] emission. The two
emission lines, [O iii] and [C ii], thus are tracing two different
clumps. The far-infrared properties of the optical galaxy and the
two clumps are summarised in the Table 4. The spatial and spec-
tral offsets between [O iii], [C ii] and Lyα emission will be dis-
cussed in details in Sect. 6.
5.2. Reliability of [O III] detections
In this section we discuss the significance of the [O iii] detec-
tions checking whether negative line emitters are detected with
the same significance or not.
We performed a blind search for positive and negative line
emitters within the primary beam area (FWHM = 16′′) and
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